Analysis of the genome of Francisella tularensis has revealed few regulatory systems, and how the organism adapts to conditions in different niches is poorly understood. The stringent response is a global stress response mediated by (p)ppGpp. The enzyme RelA has been shown to be involved in generation of this signal molecule in a range of bacterial species. We investigated the effect of inactivation of the relA gene in Francisella by generating a mutant in Francisella novicida. Under amino acid starvation conditions, the relA mutant was defective for (p)ppGpp production. Characterization showed the mutant to grow similarly to the wild-type, except that it entered stationary phase later than wild-type cultures, resulting in higher cell yields. The relA mutant showed increased biofilm formation, which may be linked to the delay in entering stationary phase, which in turn would result in higher cell numbers present in the biofilm and reduced resistance to in vitro stress. The mutant was attenuated in the J774A macrophage cell line and was shown to be attenuated in the mouse model of tularaemia, but was able to induce a protective immune response. Therefore, (p)ppGpp appears to be an important intracellular signal, integral to the pathogenesis of F. novicida.
INTRODUCTION
Francisella tularensis is an intracellular pathogen that causes the disease tularaemia. The organism can infect a wide range of hosts, including humans. Natural infection can occur following ingestion of contaminated food or water, bites by infected arthropod vectors, direct contact with infected animals or by inhalation (Ellis et al., 2002) . The ecological niche of F. tularensis has not been identified, and little is known about the mechanisms utilized by the organism to persist in nature. Many outbreaks of F. tularensis have been associated with streams, ponds, lakes and rivers, and the bacterium is capable of surviving for more than a year in water and mud (Parker et al., 1951) . Closely related Francisella-like organisms have been isolated from fish (Nylund et al., 2006; Ostland et al., 2006) , which suggests that the natural niche of Francisella may be aquatic, although this remains to be confirmed.
Little is known regarding the molecular mechanisms of Francisella pathogenesis; however, as an intracellular pathogen, the ability to invade and multiply within macrophages is essential (reviewed by Oyston, 2008) . Gene regulation in Francisella is poorly defined, and the elucidation of the genome sequence of F. tularensis has revealed few genes predicted to encode proteins with regulatory functions (Larsson et al., 2005) . A 30 kb Francisella pathogenicity island (FPI) has been identified which plays a role in intracellular multiplication . Disruption of many of the genes in the FPI, such as iglA, iglC, pdpA and pdpD, results in attenuation in vitro or in vivo (Baron & Nano, 1998; Golovliov et al., 2003; Gray et al., 2002; Lauriano et al., 2004; Lindgren et al., 2004; Nano et al., 2004) . Genes of the FPI have been shown to be regulated by MglA, encoded by mglA (Lauriano et al., 2004) , and SspA, encoded by sspA (Charity et al., 2007) . MglA and MglB are essential for intracellular replication and virulence in mice (Baron & Nano, 1998; Lauriano et al., 2004) , and share homology with the Escherichia coli SspA and SspB proteins, which are regulators of stationary phase transcription and are involved in stress survival (Williams et al., 1994) . Apart from MglA and SspA, few regulators have been identified in Francisella. Considering the wide range of cell types, including amoebae, that the organism can parasitize, and that it can survive extracellularly and within arthropod vectors, the organism must exploit its relatively small (1.8 Mbp) genome highly efficiently to respond to changing environments and stress. In this respect it is similar to another intracellular pathogen, Neisseria gonorrhoeae, which also possesses few regulators to mediate adaptation to environmental change (Parkhill et al., 2000; Tettelin et al., 2000) . Many bacterial species resist environmental stress in part by induction of the stringent response (Jain et al., 2006) , IP: 54.70.40.11
On: Thu, 27 Dec 2018 12:08:12 mediated by production of hyperphosphorylated guanosine diphosphate and triphosphate analogues, collectively termed (p)ppGpp. During nutrient starvation, uncharged tRNA molecules bind to the ribosome, which results in ribosome stalling. This activates ribosome-associated RelA and catalyses the production of pppGpp, which is subsequently converted to ppGpp. The ppGpp molecule binds to RNA polymerase to affect expression of a range of physiological systems, including s s , an alternative sigma factor. The net effect is a reduction in transcription, but a large number of s 70 -dependent genes are induced, as are proteins involved in proteolysis and amino acid biosynthesis. In some bacteria, inactivation of both relA and spoT is required to completely abolish (p)ppGpp synthesis; SpoT is a bifunctional enzyme capable of both synthesis and degradation of the signal molecule, so preventing uncontrollable accumulation of (p)ppGpp (Jain et al., 2006) . The relA and spoT genes are restricted to the betaproteobacteria and gammaproteobacteria (Mittenhuber, 2001) , and it has been proposed that the RelA-dependent response is linked to amino acid starvation and that the SpoT-dependent response is linked to fatty acid metabolism in these bacteria (Battesti & Bouveret, 2009 ). In some pathogens regulation of (p)ppGpp synthesis is dependent on SpoT, and virulence in Legionella pneumophila is critically dependent on the degradation of (p)ppGpp by SpoT (Dalebroux et al., 2009 ). Both relA and spoT genes have been annotated in the Francisella novicida U112 (Rohmer et al., 2006) and F. tularensis SCHU S4 (Larsson et al., 2005) genome sequences; however, the functions of these enzymes in Francisella have not yet been defined.
The stringent response, induced by nutrient limitation, has been demonstrated in a range of bacteria, including Escherichia coli (Magnusson et al., 2005) , N. gonorrhoeae (Fisher et al., 2005) , Streptococcus suis (Li et al., 2009) and Borrelia burgdorferi (Bugrysheva et al., 2003b) , and it appears that most bacteria require the stringent response for stationary phase survival (Mouery et al., 2006; Bugrysheva et al., 2003a) . In addition, RelA has been shown to be involved in regulation of other diverse phenotypes, including biofilm formation by Streptococcus mutans (Lemos et al., 2004) , osmotolerance of Listeria monocytogenes (Okada et al., 2002) , stress response, vancomycin tolerance and virulence of Enterococcus faecalis (Abranches et al., 2009) , and anaerobiosis in Mycobacterium tuberculosis (Sureka et al., 2007) .
The stringent response has been shown to play an important role in the life cycle and virulence of intracellular pathogens. For example, in Legionella pneumophila, (p)ppGpp triggers a switch between the avirulent replicative phase and the virulent motile phase (Hammer & Swanson, 1999) , while in M. tuberculosis, (p)ppGpp accumulation is important for the transition into latency (Ojha et al., 2000; Primm et al., 2000) . In addition, the expression of specific virulence genes has been shown to be modified by RelA: in Vibrio cholerae, inactivation of RelA results in decreased expression of cholera toxin and the toxin-coregulated pilus (Haralalka et al., 2003) , and a Salmonella enterica spoT/relA mutant has reduced expression of HilA, the central regulator of the Salmonella pathogenicity island (SPI) 1 and SPI 2 virulence genes (Pizarro-Cerda & Tedin, 2004) .
In light of the paucity of information on regulation of gene expression in F. tularensis, and with the growing evidence of the role of (p)ppGpp as a global regulator of phenotypes associated with both in vivo and environmental survival, this study was undertaken to determine the effect of inactivation of RelA on F. novicida.
METHODS
Bacterial strains and culture conditions. F. novicida strain U112 was obtained from the American Type Culture Collection. The strain was grown on blood cysteine glucose agar (BCGA) supplemented with 4 % cysteine, 4 % histidine, 5 % glucose and 10 % fresh filtered horse blood, or on Thayer-Martin agar (Milne et al., 2007) . Where required, media were supplemented with 100 mg polymixin B ml 21 , 10 mg chloramphenicol ml 21 and 10 % (w/v) sucrose. Growth of strain U112 in liquid culture was supported by Chamberlain's defined medium (CDM) (Chamberlain, 1965) with aeration, or modified Chamberlain's defined medium lacking serine (CDM 2 S) or with reduced PO 4 at 2 mM (CDM 2 ) or at 0.4 mM (CDM 0.4 ). E. coli strains JM109 (Promega) and S17-lpir (Simon et al., 1983) were grown in Luria-Bertani medium at 37 uC, supplemented as required with 30 mg chloramphenicol ml 21 .
DNA manipulation. Generally, the manipulation of DNA was carried out using standard protocols (Sambrook et al., 1989) . Genomic DNA was isolated using the Puregene DNA Isolation kit (Gentra Systems). Plasmid DNA was isolated using the Qiagen mini and maxi plasmid isolation kits. Primers and plasmids used in this study are described in Table 1 . Southern blotting was performed under high-stringency conditions (Sambrook et al., 1989) .
Generation of the DrelA mutant. Oligonucleotide primers (Table 1) were designed from the F. tularensis SCHU S4 genome sequence, such that an 1877 bp internal region would be deleted. DNA flanking the relA gene was amplified by PCR following 30 cycles of amplification (94 uC, 30 s; 55 uC, 30 s; 72 uC, 1 min) (Perkin Elmer 9600 GeneAmp PCR system). Each product was ligated into pGEM-T Easy according to the manufacturer's instructions (Promega) and transformed into E. coli JM109. The inserts were isolated following digestion with EcoRI and BamHI and linked in a three-way ligation with pUC18 which had been digested with EcoRI. The insert was subsequently subcloned into pUCB, a derivative of pUC18 wherein the BamHI restriction site had been abolished by treatment with Klenow fragment. The BamHI restriction site in primers relR1 and relF2 allowed the insertion of the chloramphenicol resistance cassette from pGEMCAMBamH1 between the two flanks. The whole insert was isolated by digestion with MluI and ligated into similarly digested pPV2 J to generate pPVrel. The plasmid was transformed into E. coli S17-lpir by electroporation, and mobilized into F. novicida strain U112 by conjugation. Conjugation was performed on BCGA at 25 uC overnight. The bacteria were then removed and plated on Thayer-Martin agar supplemented with polymixin B (to select against the E. coli) and chloramphenicol. Sucrose selection was subsequently performed to identify recombinants in which the plasmid was excised. The mutant was confirmed by PCR and Southern blotting and designated F. novicida U112 DrelA : : cam. PCR using primers crelF and crelR, and the product ligated into pSMP6OriT, conferring tetracycline resistance, which had been digested with KpnI, to give pSMP6OriT.relA. The plasmid was mobilized into the U112 DrelA : : cam mutant by conjugation to give U112 DrelA : : cam prelA. Transformants were selected for on Thayer-Martin agar supplemented with polymixin B and tetracycline and confirmed by PCR.
(p)ppGpp detection assay. The method of Cashel (1994) was adapted to determine levels of (p)ppGpp produced by Francisella. Cells were passaged three times in 20 ml CDM 2 S, with aeration at 37 uC for 24 h each passage. Bacteria were subcultured into 20 ml reduced PO 4 CDM 2 2 S and incubated for 18 h with aeration at 37 uC. Cells were harvested by centrifugation at 2500 g for 10 min and washed twice with minimal PO 4 CDM 0.4 2 S. Cells were adjusted to OD 600 0.1 and incubated with aeration at 37 uC to OD 600~0 .2, at which point 1 ml [ 32 P]H 3 PO 4 (Perkin-Elmer) was added to each culture to give a final concentration of 10 mCi ml 21 (0.37 MBq ml 21 ). After further incubation for 2 h, 2.5 mg serine hydroxamate ml 21 was added to cultures to induce serine-starvation conditions. After 30 min incubation, nucleotides were extracted by adding an equal volume of ice-cold 13 M formic acid, and samples were subjected to three freeze-thaw cycles. Nucleotides were separated on polyethylenemine TLC cellulose plates (Sigma-Aldrich) and visualized by exposure on a phosphorimaging plate. Controls consisting of radiolabelled (p)ppGpp isolated from E. coli K-12 and GTP (Perkin Elmer) were run alongside.
Microtitre biofilm assay. Bacteria were prepared for biofilm experiments by harvesting cells from BCGA plates and resuspending them in CDM to OD 540 0.2, which equated to a suspension of 1610 9 c.f.u. ml 21 , and then diluted 1 : 10. The microtitre biofilm assay was performed as described by Stepanovic et al. (2000) with minor modifications. Eight wells on a 96-well microtitre plate (Costar 3595) were each filled with 200 ml bacterial suspension. The outer wells were filled with distilled water to reduce evaporation from the test samples. Plates were incubated at 37 uC for 6 days. To measure biofilm formation, each well was washed three times with PBS, to remove all non-adherent cells. Remaining attached cells were fixed by the addition of 200 ml 99 % methanol. Methanol was removed and plates were left to air dry. Biofilms were stained by the addition of 200 ml of 2 % Huckers crystal violet (CV) for 5 min. Excess stain was removed by pipette, followed by submersion of the plate in 300 ml fresh tap water, three times. Plates were air-dried, after which the dye bound to the adherent cells was resolubilized by the addition of 200 ml 33 % (v/v) glacial acetic acid. The A 570 of each well was measured using a microtitre plate reader (MultiSkan EX, Thermo), following 10 s shaking.
Intramacrophage survival assay. J774A murine macrophages were infected at an m.o.i. of 5 and incubated at 37 uC for 30 min. Extracellular bacteria were killed with 10 mg gentamicin ml 21 for 30 min. Cultures were maintained in L-15 tissue culture medium (Sigma-Aldrich) containing 2 mg gentamicin ml 21 at 37 uC, 5 % CO 2 until harvesting at various times post-infection. Macrophages were disrupted by the addition of 1 ml distilled H 2 O and aspiration 30 times. Bacteria were enumerated by plating onto BCGA and incubating for 3 days at 37 uC.
Determination of attenuation in mice. Groups of six female BALB/ c mice (Charles River Laboratories) aged 6-8 weeks were challenged subcutaneously with~10 4 , 10 5 or 10 6 c.f.u. of F. novicida U112 DrelA : : cam. The bacteria for challenge were harvested after growth for 18 h at 37 uC on BCGA agar. Mice were challenged on day 56 post-vaccination with~10 2 c.f.u. F. novicida U112 via the intraperitoneal route. Actual doses were determined by retrospective viable 
RESULTS
An F. novicida relA mutant is unable to produce (p)ppGpp under conditions of amino acid limitation
To investigate the role of RelA in Francisella, FTN_1518, annotated to encode a (p)ppGpp synthetase in F. novicida strain U112, was targeted for inactivation and a defined DrelA : : cam mutant was created. The mutant had an internal 1877 bp fragment of the relA gene deleted and replaced with a chloramphenicol resistance cassette. It was not expected that this would have polar effects, based on the orientation and separation of adjacent genes. However, to confirm that phenotypes were specifically due to inactivation of relA, the mutation was complemented by a constitutively expressed plasmid-encoded copy of the relA gene.
It has been reported that RelA-dependent synthesis of (p)ppGpp occurs during amino acid starvation in conjunction with growth arrest; therefore, serine starvation was induced by adding serine hydroxamate to cultures. This study determined that 2.5 mg serine hydroxamate ml 21 completely inhibited growth of F. novicida U112 (data not shown); therefore, these culture conditions were used to induce serine starvation. To confirm the function of RelA in F. novicida, the ability of the wild-type strain U112 DrelA : : cam and the complemented mutant strain U112 DrelA : : cam pRelA to produce (p)ppGpp was assessed. Bacteria were cultured in serine-free CDM supplemented with 32 P, and serine hydroxamate was added to exponentially growing cultures to induce starvation. Extraction and separation of nucleotides from these cultures by TLC demonstrated (p)ppGpp production by the wild-type strain during starvation conditions. Conversely, (p)ppGpp was undetectable in U112 DrelA : : cam under the same conditions, and the production of (p)ppGpp was restored when the mutation was complemented in U112 DrelA : : cam pRelA (Fig. 1) . 2006) ; therefore, the effect of deletion of the relA gene on the ability of Francisella to grow in liquid media was evaluated. During exponential phase, U112 DrelA : : cam had a similar growth rate to the wild-type. However, the mutant entered stationary phase later and grew to significantly higher cell densities than the wild-type (P,0.001) (Fig. 2a) . The wild-type phenotype was partially restored when the mutation was complemented ( Fig. 2b) . Using a repeated measures ANOVA with Bonferroni's multiple comparisons test, the density of the mutant was found to be significantly different from that of the wild-type and complemented strain (P,0.01).
To further investigate this growth phenomenon, the ability of U112 DrelA : : cam to form biofilms was examined. RelA has been demonstrated to be necessary for efficient biofilm formation in several bacteria (Lemos et al., 2004; Balzer & Mclean, 2002) , possibly by reducing the nutrient levels surrounding microcolonies as the biofilm matures. Interestingly in our studies, the rate and quantity of biofilm production by U112 DrelA : : cam were greater than those of the wild-type strain, as indicated by CV staining (P,0.01) (Fig. 3) .
Induction of RelA is involved in resistance of Francisella to stress
In order to survive the different conditions experienced both in the environment and in the host, bacteria must tightly regulate their gene expression. RelA has been reported to be involved in resistance to different stresses Cultures were passaged daily in CDM " S for 3 days, prior to overnight culture in CDM " S (2 mM PO 4 ). Bacteria were adjusted to OD 600 0.1 in CDM " S (0.4 mM PO 4 ) and grown for 3 h with shaking at 37 6C. [ 32 P]H 3 PO 4 was added to each culture to a final concentration of 10 mCi ml "1 (0.37 MBq ml "1 ), and incubated for a further 2 h. To induce (p)ppGpp production, 2.5 mg serine hydroxamate ml "1 was added and cultures were incubated for 30 min. Radionucleotides were detected by phosphorimaging following separation by TLC. Positive controls of GTP and (p)ppGpp were included (not shown).
in many bacteria, including tolerance of heat stress of Enterococcus faecalis (Abranches et al., 2009 ). Using heat stress as an indicator of stress survival, the ability of the U112 DrelA : : cam mutant to survive exposure to heat stress was investigated. The survival of cultures after incubation at 48 u C for 1 h was determined by viable counts, and compared with that at 37 u C ( Fig. 4) . At 48 u C, survival of both the wild-type and U112 DrelA : : cam was reduced compared with survival at 37 u C. To test whether inducing the stringent response would increase thermotolerance, strains were exposed to serine hydroxamate to mimic serine starvation prior to incubation at 37 and 48 u C (Fig. 4) . Wild-type bacteria demonstrated similar levels of survival at 48 and 37 u C, indicating increased survival in serine-starved cultures; however, U112 DrelA : : cam counts were significantly reduced at 48 u C compared with 37 u C (P50.03). These data suggest that increased survival at 48 u C requires prior induction of the stringent response in a RelA-dependent manner.
F. novicida U112 DrelA : : cam has reduced ability to replicate in macrophages in vitro
The stringent response has been reported to be involved in intracellular survival in many pathogens, such as Campylobacter jejuni (Gaynor et al., 2005) , L. monocytogenes (Taylor et al., 2002) and Brucella abortus (Kim et al., 2005) . To examine whether the attenuation observed in vivo is due to a defect in intracellular survival, the ability of U112 DrelA : : cam to infect and replicate within murine macrophages was assessed (Fig. 5) . The uptake of wild-type and U112 DrelA : : cam was similar at 0 h post-infection. A mild reduction in replication at 24 and 48 h post-infection was observed in U112 DrelA : : cam cultures compared with the wild-type, yet was statistically significant (P,0.05). Survival of the complemented strain U112 DrelA : : cam pRelA was similar to that of the wild-type at 0, 24 and 48 h post-infection.
F. novicida U112 DrelA : : cam is attenuated in vivo and is able to induce a protective immune response
RelA has been suggested to be involved in virulence of several pathogens; therefore, the virulence of U112 DrelA : : cam in a BALB/c mouse model of infection was assessed. Groups of mice were challenged subcutaneously with 8.4610 3 , 8.4610 4 and 8.4610 5 c.f.u. of wild-type strain U112 or U112 DrelA : : cam and observed for 14 days (Fig. 6a ). All animals survived challenge with U112 DrelA : : cam, with the exception of one mouse from the highest dose group. Animals challenged with the wild-type strain had succumbed to infection by day 4 post-challenge. The median lethal dose (MLD) for F. novicida U112 has been previously calculated as 3.4610 2 c.f.u. by the subcutaneous route (Milne et al., 2007) . These results demonstrate a significant increase in survival (P50.001) when mice were challenged with U112 DrelA : : cam, demonstrating that this mutant was attenuated .100 fold.
To test whether U112 DrelA : : cam was able to stimulate a protective immune response, the surviving animals were challenged 56 days later with 6610 3 c.f.u. (equivalent to 600 MLD) of wild-type F. novicida U112 by the intraperitoneal route and observed for 14 days (Fig. 6b ).
Survival of mice immunized with the lowest U112
DrelA : : cam dose was significantly increased compared with that of naïve animals (P50.02). These results demonstrated that vaccination with F. novicida U112 DrelA : : cam induced high levels of protective immunity against wild-type F. novicida infection in vivo.
DISCUSSION
F. tularensis must closely regulate gene expression to maximize survival in response to changes in environmental conditions or varying niches. However, few regulators, such as two-component regulatory systems, have been identified (Mohapatra et al., 2007) . Other regulatory systems may therefore be important for F. tularensis virulence and survival. For example, polyphosphate has been shown to be important in the stress responses of a range of pathogens, including F. tularensis (Richards et al., 2008). Polyphosphate has also been shown to be required for virulence for a range of pathogens, possibly by contributing to (p)ppGpp (Manganelli, 2007) .
Two proteins well characterized for their role in (p)ppGpp metabolism are RelA and SpoT. RelA catalyses the production of (p)ppGpp, which is subsequently converted to ppGpp, while SpoT is a bifunctional enzyme capable of both synthesis and degradation of the signal molecule (Jain et al., 2006) . Both relA and spoT homologues are present in the Francisella genome. In some bacteria, inactivation of both relA and spoT is required to completely abolish (p)ppGpp synthesis, while in other bacteria, RelA is dominant in (p)ppGpp synthesis. In this study, we have confirmed the role of FTN_1518 in F. novicida U112 as a (p)ppGpp synthetase, and demonstrated that disruption of this gene results in abolition of ppGpp production under conditions of amino acid starvation. This is similar to the situation in Pseudomonas aeruginosa (Erickson et al., 2004) and V. cholerae (Haralalka et al., 2003) , in which mutation of the relA gene alone results in reduced (p)ppGpp accumulation. Unlike other organisms such as E. coli, in which both relA and spoT genes need to be inactivated (Xiao et al., 1991) , RelA alone appears to be required for (p)ppGpp synthesis in F. novicida during amino acid starvation.
The role of (p)ppGpp in Francisella appears to be complex, as disruption of the relA gene did not result in a reduced growth rate, a stationary phase defect or reduced biofilm formation, as reported in other bacteria (Fisher et al., 2005; Lemos et al., 2004; Okada et al., 2002) . Many basic questions remain unanswered as to how (p)ppGpp exerts its effects, but it is thought that (p)ppGpp acts at the level of transcription, targeting RNA polymerase (Potrykus & Cashel, 2008) . It has been proposed that growth defects observed in relA mutants can be attributed to the lack of (p)ppGpp-dependent expression of the rpoS gene, which encodes s S (Gentry et al., 1993) . This alternative sigma factor controls expression of genes or operons involved in protecting cells from stress, including stationary phase survival, high osmolarity, oxidative damage and acidic pH (Kazmierczak et al., 2005) . It is thought that (p)ppGpp increases the ability of both s S and s 32 to compete with the vegetative sigma factor s 70 for RNA polymerase (Jishage et al., 2002) , presumably resulting in increased expression of s S -induced general stress response and s 32 -dependent heat-shock response genes. Interestingly, in silico studies have only identified the s 32 and s 70 subunits in Francisella, and the other subunits are absent (Meibom et al., 2008) . The decreased ability of F. novicida to survive heat shock suggests a role for RelA in combating stress encountered during the infectious process, perhaps in a s 32 -dependent manner (Meibom et al., 2008) , where (p)ppGpp is the trigger. A similar role for RelA in resistance to heat stress has been reported in Enterococcus faecalis, where RelA is responsible for resistance to stress, whereas an alternative synthase RelQ is responsible for maintaining basal levels of (p)ppGpp (Abranches et al., 2009) .
The ability of U112 DrelA : : cam to grow to higher cell densities as planktonic and biofilm cultures is unusual, but similar effects have been observed in DrelADspoT mutants of E. coli, which demonstrate more rapid growth (Xiao et al., 1991) and increased biofilm formation in nutrientrich media (Balzer & Mclean, 2002 ). It appears that F. novicida U112 DrelA : : cam is not able to respond to nutrient depletion, as a result of being unable to invoke the RelA-dependent stringent response. Bacterial cells in stationary phase are very different from exponentially growing bacteria. For example, stationary phase cells are smaller than those in exponential phase, have more robust membranes due to changes in lipid composition, and more highly cross-linked peptidoglycan (Davis et al., 1980; Ingraham et al., 1983) . By monitoring nutrient levels in the surrounding environment and adjusting gene expression, for example by the stringent response, bacteria can prepare for stationary phase to optimize their survival when nutrients are depleted. The U112 DrelA : : cam mutant does not appear to modulate its growth rate in response to declining nutrient levels when it should be preparing for stationary phase. It is not known whether growth is finally arrested as a result of nutrient limitation or whether another regulatory pathway subsequently arrests growth.
Bacterial intracellular accumulation of (p)ppGpp has a direct effect on virulence, invasion, pathogenesis and host immune system evasion. Many pathogens have evolved survival strategies triggered by (p)ppGpp (Braeken et al., 2006) . For example, accumulation of (p)ppGpp in Salmonella appears to induce HilA expression, which in turn regulates expression of SPI 1 and SPI 2 virulence genes (Thompson et al., 2006; Song et al., 2004) . The SPI 1 genes are involved in host cell invasion and the SPI 2 genes are required for replication within the host cell. Similar to our findings for F. novicida, Salmonella (p)ppGpp-deficient mutants are attenuated in mice but able to induce a protective immune response (Pizarro-Cerda & Tedin, 2004; Thompson et al., 2006; Song et al., 2004) . In Legionella pneumophila, (p)ppGpp has been shown to trigger a cascade that leads to differentiation of replicating bacteria to a transmissible, non-replicating form, with the induction of virulence traits such as motility (Swanson & Hammer, 2000) . Stress-induced (p)ppGpp production in Helicobacter pylori is required for survival during acid exposure and aerobic shock (Mouery et al., 2006; Wells & Gaynor, 2006) , conditions typically encountered during the course of infection. In Francisella, intracellular replication and virulence are dependent on MglA and SspA, which regulates the FPI (Guina et al., 2007; Nano & Schmerk, 2007; Charity et al., 2007) . In this study, we have identified a global regulatory system that plays a role in F. novicida virulence, where a relA mutant had reduced survival in macrophage-like cells, and was attenuated more than 100fold in a BALB/c mouse model. We also confirmed that the reduced virulence observed was not a result of a growth defect, as has been described for other (p)ppGpp-deficient mutants (Fisher et al., 2005; Lemos et al., 2004; Okada et al., 2002) . Uptake of F. novicida U112 DrelA : : cam into murine macrophages was similar to that of the wild-type and indicates that RelA is not involved in immune cell invasion. However, intracellular replication was impaired, suggesting that RelA has a regulatory role in Francisella, affecting the expression of genes whose products contribute to survival in nutrient-poor and hostile environments found within host cells. In addition, though unable to cause lethality in mice, U112 DrelA : : cam was able to stimulate a protective immune response affording greater than 60 % survival against a homologous wild-type challenge.
In conclusion, we have demonstrated that F. novicida U112 responds to amino acid starvation in a RelA-dependent manner, resulting in elevated intracellular (p)ppGpp levels, and that RelA is required for virulence and resistance to stress. This study provides further insight into the understanding of gene regulation in F. tularensis.
